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Introduction 


Among  the  oceans  of  the  world,  the  Arctic  Ocean  is  unigue  in  being 
covered  with  ice.  In  summer,  sea  ice  covers  only  the  central  part  of  the 
Arctic  Ocean  but  in  winter,  pack  ice  expands  to  cover  the  entire  Arctic  Ocean, 
as  well  as  surrounding  seas  such  as  the  Bering  and  Barents.  The  study  of  the 
physical  oceanography  of  arctic  seas  has  been  slowed  in  the  past  by  the 
difficulties  of  working  through  this  ice  cover.  The  objective  of  research 
under  this  contract  has  been  description  and  understanding  of  the  currents  and 
hydrography  beneath  the  ice  pack  using  drifting  ice  floes  as  research 
platforms.  Particular  emphasis  has  been  placed  on  fine-scale  and  mesoscale 
features  such  as  eddies,  fronts  and  wind-driven  motion.  Field  work  under  this 
contract  was  conducted  in  conjunction  with  three  expeditions: 

(1)  Arctic  Ice  Dynamics  Joint  Experiment,  (AIDJEX) ,  1975-76, 

(2)  FRAM  I,  II,  III  and  IV  drifting  ice  stations,  1979-82, 

(3)  Marginal  Ice  Zone  Experiment  (MIZEX) ,  1983. 

These  three  expeditions  represent  a  progression  in  geographical  location 
beginning  in  the  Beaufort  Sea  with  AIDJEX  in  the  mid-1970's,  moving  across  the 
North  Pole  to  the  eastern  Arctic  Ocean  with  the  FRAM  stations  in  the  late 
1970's  and  early  1980's  and  finally,  last  year,  in  the  marginal  ice  zone  where 
the  edge  of  the  ice  pack  fronts  on  the  open  waters  of  the  Greenland  Sea. 
There  was  a  common  objective  in  all  of  these  expeditions:  the  mesoscale  and 
finescale  oceanographic  structure  of  the  Arctic  Ocean.  Measurements  of 
currents,  as  well  as  the  salinity  and  temperature  fields  of  the  upper  ocean, 
were  included  in  all  programs. 

The  AIDJEX  measurements  were  conduced  from  an  array  of  four  drifting  ice 
stations  over  a  period  of  one  year.  This  provided  coverage  over  an  annual 


cycle  for  the  area  enclosed  by  the  100-km  array.  This  produced  the  first 
complete  seasonal  data  on  mixed  layer  behavior  beneath  pack  ice  showing  the 
transition  from  the  winter,  when  brine-induced  convection  dominates,  to  summer 
when  runoff  of  meltwater  results  in  a  thin  low-salinity  surface  layer  mixed  by 
ice  motion.  In  the  AIDJEX  pilot  experiments,  vigorous  sub-surface  eddies  had 
been  detected  and  in  the  main  AIDJEX  program  the  eddy  field  was  further 
confirmed  and  statistics  were  obtained  showing  the  widespread  occurrence  of 
these  features  in  the  Beaufort  Sea  and  their  important  contribution  to  the 
total  kinetic  energy. 

With  the  commencement  of  the  FRAM  expeditions  in  1979,  emphasis  shifted 
to  time  scales  less  than  annual  and  to  wider  coverage  in  area.  A  major 
advance  in  oceanographic  techniques  for  polar  oceans  was  effected  beginning 
with  FRAM  I  in  which  helicopters  and  lightweight  portable  conductivity- 
salinity-temperature-depth  (CSTD)  instruments  were  used  to  profile  the  upper 
500  m  of  the  ocean  over  a  wide  area  with  a  close  spacing  of  stations. 
Helicopters  were  based  at  each  of  the  FRAM  camps,  permitting  a  quasi-synoptic 
survey  to  be  carried  out  around  the  camps  to  a  radius  of  about  100  miles.  The 
range  was  extended  by  the  drift  of  the  camps  during  the  five  or  six  weeks  of 
spring  operations  each  year.  Surveys  were  most  extensive  in  1979  and  1981 
from  the  FRAM  I  and  III  camps.  From  the  FRAM  expeditions  came  new  under¬ 
standing  of  oceanographic  condtions  in  the  eastern  Arctic  north  of  Fram 
Strait,  the  major  connection  between  the  Arctic  Ocean  and  the  rest  of  the 
world  ocean.  The  oceanic  front  which  separates  outflowing  polar  waters  from 
inflowing  Atlantic  waters  was  demarcated  and  the  melting  rate  for  the  ice 
above  the  Atlantic  Water  was  estimated.  Mesoscale  eddy  activity  appeared 
reduced  in  this  area  when  compared  with  previous  experience  in  the  Beaufort 


Sea 


The  helicopter/CSTD  program  was  continued  and  expanded  during  the  MIZEX 
project  which  began  with*  a  pilot  program  in  1983.  The  aim  of  MIZEX  was  a 
coordinated  study  of  air-sea-ice  interaction  across  the  edge  of  the  ice  pack 
in  the  Fram  Strait  region.  The  Lamont  helo/CSTD  effort  mapped  oceanographic 
structure  on  the  ice  side  of  the  margin,  while  structure  on  the  open  water 
side  of  the  edge  "Vas  surveyed  by  other  groups  using  conventional  techniques 
using  ships. 

These  expeditions  are  summarized  in  three  review  papers  included  here. 
More  details  can  be  found  in  the  references  included  with  the  reviews,  as  well 
as  in  references  in  the  bibliography  of  publications  produced  under  funding 


from  this  contract. 


Review  of  the  AIDJEX  Oceanographic  Program 


by  Kenneth  Hunk ins 


from  Sea  Ice  Processes  and  Models,  Proc.  of  the  Arctic  Ice  Dynamics 


Joint  Experiment  Int'l.  Committee  on  Snow  and  Ice  Symposium,"  ed.  by 


R.  Pritchard,  Univ.  of  Wash.  Press,  Seattle,  1980. 
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Vater  velocity  was  recorded  with  both  fixed  and  profiling 
■rent  meter  systems.  Current  meters  were  ricidlv  attached  to 
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local  changes  in  ice  conditions  on  the  measurements.  The  pro- 
ling  current  meters  (PCKs)  vere  operated  daily  at  each  camp  to 
ioainal  depth  of  200  m.  This  was  the  wire  length  and  the  act- 
.  depth  vas  always  somewhat  less  than  this.  These  instruments 
isisted  of  a  Savonius  rotor,  direction  vane  and  pressure  Sen- 
Direction  vas  referenced  to  magnetic  north. 
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bea  ice,  existing  a:  t  r.  e  interface  oetveen  3 
polar  atmosphere,  is  intimately  related  to  condii 
tne  v*ter  telcv  arc  air  ab ove  .  Here  ve  are  ccnof 
ocrap'nie  conditions  relating  to  sea  ice  motion  a. 
of  the  atmosphere  vill  have  to  he  considered  at  J< 
ocean c gr aph ic  program  vas  designed  to  investigate 
on  a  space  scale  of  100  hm  in  the  horizontal  dire 
drees  of  meters  in  the  vertical.  It  vas  specific 
to  revealing  oceanographic  behavior  vhich  direct] 
drift  of  pach  ice.  This  includes  the  drag  of  a  c 
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vatiens  vere  made  by  the  University  o 
rent  meter  profiling  vas  conducted  by 
1971  camp .  In' 


197?  a  one  month 
eluded  a  main  and  tv o  satellite 
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A  principal  aim  of  the  c  -  a  r.  c  g  r  a :  h :  c  program  of  A I II  EX  vas 
■'.  ?  t  =  ;•  r  i  r.  a  z on  of  t  he  stress  a  t  t  ?.  e  v  :.v;:-:ce  in  t  efface.  It  v  a  s 
p  e  o  f  c-  c  ' c.t  ice  i_ovcr-.-c.os  on  a  rkrrb  dime  scale  the  ice 

n. :  n  e  no  1  -  integral  tc  e  t  h  c  d  v  h  i  c  h  depends  essentially  on  the  cl 
of  ch  s  e  rvat  i  cr.  s  end  does  not  involve  the  venal  boundary  lave 
sur.pt ions.  Hoccgraphs  connecting  the  tips  of  the  current  ve 
at  different  depths  generally  shoved  a  aodifiec  Inman  spiral 
modified  in  that  the  spiral  did  not  exactly  Batch  the  theore 
one  for  constant  eddy  viscosity  but  did  shov  the  characteris 
clockvise  turning  vith  depth.  This  general  pattern  of  a  nod 
Ekman  spiral  in  the  uppermost  layers  has  also  been  often  obs 
in  the  sain  experiment  (fig.  l). 


The  maximum  12-hour  mean  vine  speed  observed 
month  of  observations  in  1972  vas  10.0  m/s .  This 
to  a  vino  stress  of  1.9  dynes /ce2.  The  ccrrespcn 
measured  by  the  moment urn  integral  technique  vas  1 
The  results  in  1972  indicated  that  the  p-ressure-g 
vas  negligible  on  the  ice  on  a  short  time  scale  b 
vater,  Coriolis  and  internal  ice  stress  vere  all 
magnitude.  It  might  be  expected  that  over  longer 
pressure-gradient  force  Bight  increase  in  inports 


curio g  the 
is  ecuival 


C.  j. 

.  1 


g  vater 
cynes/cc  . 
lent  force 
~i>  r.  s.  *  i.h  $  vi 
comparable 
me  scales  t 


nee. 


n  d 


b  e 


One  of  the  objectives  is  to  provide  numerical  modeling  vith 
a  useful  drag  coefficient.  It  vas  shovn  that,  on  the  basis  of  the 
1972  data,  the  geostrophic  drag  coefficient  might  be  a  useful  con¬ 
cept  for  numerical  noaels  and  that  the  Arctic  Ocean  data  seeled 
vi th  results  from  other  areas  (Hun hies,  1975). 

A  question  of  importance  is  the  drag  effect  of  large  heels 
vbich  protrude  deep  into  the  mixed  layer  cr  even  through  it.  In¬ 
conclusive  attempts  vere  rra ce  tc  settle  the  question  by  theoreti¬ 
cal  and  tank  model  arguments.  Kirby  (197*0  concluded  that  the 
pressure  or  form  drag  of  keels  due  to  production  of  internal  vaves 
might  be  of  inportance,  especially  in  summer  then  the  upper  layers 
are  stratified.  Hunkins  (197*0  rescaled  tank  experiment  data  meas¬ 
ured  by  Zknan  ever  60  years  earlier.  Ekman’s  experiments  vere  di¬ 
rected  to  an  early  observation  of  internal  vave  crag  vhen  the  TT.A.K 
vas  sloved  unusually  in  a  highly  stratified  situation  off  the  Si¬ 
berian  coast  vith  nearly  fresh  vater  over  ocean  vater.  Hunkins 
conduced  that  internal  vave  drag  of  large  keels  vas  unlikely'  to 
te  important.  Direct  experiments  on  the  question  vere  performed 
by  Kirby  during  the  main  experiment  but  the  results  dc  net  seem  tc 
have  been  conclusive. 
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The  ~  i  -  d  layer  v  h  1  a  h  az:-_-ars  sc  s  1  r  i  i  n  r  1  y  in  vintcrxire 
arctic  prof;  l:-s  c  f  *.  r.j  e  r  axu  r  e  arc  salinity  is  attri  acted  to 
trine  convection  (fig.  2).  heavy  trine  is  released  during  freez¬ 
ing  to  sir.}:  davr,  to  or  "below  its  level  of  equivalent  de.nsixy, 
overturning  arc  mixing  the  surface  layers  as  it  descends.  Most 
arctic  oceancgraxh ic  sxaxicrs  vers  taken  in  inter  and  spring 
mcr.ths.  The  nixed  layer  vas  rec  cgr.inable  generally  in  "bottle 

oiuxicn  vere  not  available.  Ir.  are  1972  experiment,  the  mixed 
^  ev  er  ".'as  scout  n  y  m  c.  s  e  p  v  ^  vh  a  snare  x*  r  e  a  x  ax  tnax  e  e  *"  e  1  wo  a 
steep  gradient  in  temperature  ana  salinity.  The  continuous  re¬ 
cord  of  the  Guilcline  C7T-  shoved  the  upper  15  m  to  be  often  un¬ 
stable  vithin  the  resolution  of  the  i nstrur.en ts  .  The  region 
from  15  to  35  e  vhile  still  having  the  appearance  of  a  mixed 
layer  vas  neutral  or  slightly  stable  (Smith,  197M • 

Results  from  the  1975-6  experiment  with  Plessey  STDs  shov 
that  the  mixed  layer  often  has  slight  steps  and  that  the  de¬ 
tails  of  the  structure  are  not  coherent  over  the  100  km  array. 

The  mixed  layer  in  the  spring  of  1975  vas  about  50  m  deep.  The 
small  steps  in  the  mixed  layer  may  be  due  to  strong  brine  con¬ 
vection  beneath  a  refreezing  lead. 
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n ami  cal  arguments  suggest  that  such  steps  are  limit 
2 1  extent  of  about  2  kilometers.  Their  horizontal 
ited  to  approximately  the  Fossbv  radium  of  de forme- 
small  for  such  small  density  differences  as  these 
mixed  layer  (Stonmel,  1969)* 
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There  are  tvo  principle  stirring  mechanisms  by  vhich  a 
mixed  layer  may  be  formed:  gravitational  convection  and  mech¬ 

anical  stirring.  Although  the  gravitational  convection  due  to 
brine  extrusion  during  freezing  is  usually  considered  most  impor¬ 
tant,  mechanical  stirring  by  ice  drift  must  also  play  some  part. 
Previous  studies  have  not  conclusively  shevn  the  relative  impor¬ 
tance  of  the  tvo  regimes  (Solomon,  1973). The  AIBJEX  data  should  help 
settle  the  question  vben  they  are  more  thoroughly  sxudied.  The 
tvo  mechanisms  should  operate  on  clearly  separated  horizontal 
scales  vith  mechanical  stirring  by  drift  occurring  ever  the  1000 
km  scale  of  the  wind  field  and  brine  convection  occurring  over  the 
1  to  10  km  scale  of  leads. 

Fev  summertime  observations  vere  available  on  the  upper  lay¬ 
ers  before  1975.  The  AIDJ2X  records  shov  that  a  continuous  steep 
gradient  in  temperature  and  salinity  often  exists  beneath  the  ice 
curing  summer  vhen  freshwater  runoff  from  melting  ice  and  snov 
stratifies  the  upper  layers.  A  shallow  mixed  layer  forms  vhen 
the  first  freezing  develops  and  is  about  15  e  deep  in  September. 

It  deepens  slovly,  reaching  20  a  in  December  and  then  continues 
deepening  to  reach  ho  or  50  m  byr  April. 


bird 


only  to  200  re  tux  gc  t'nrcurh  a  region  of  sharp  density  change. 
This  suggests  that  they  are  barotropic  and  a  ay  extend  to  large 
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BA3QCLINIC  EDDIES 

One  of  the  unexpected  oceanographic  results  of  the  1972 
AIDJEX  pregram  vas  the  detection  of  svift  subsurface  currents 
localized  in  the  pycnociine.  These  currents  coincided  vith  the 
region  of  steepest  density  gradient  between  50  and  ?00  n .  Maxi¬ 
mum  speeds,  found  at  a  depth  of  about  150  re,  reached  ho  ca/s. 

This  speed  far  exceeded  the  mean  current  of  1.8  cm/s  (Kunkins, 
197^;  Jievoon,  1973;  Hsvton  et  al  .  ,  197M  • 

Although  there  had  been  indications  of  transient  undercur¬ 
rents  by  P.  P.  Shirshov  as  early  as  1937  (Belyakov,  1972),  the 
details  ana  horizontal  extent  vere  not  known.  In  1972,  these 
transient  currents  vere  shewn  to  occur  as  nearly  circular  ed¬ 
dies  vith  diameters  of  10  to  20  km.  Individual  eddies  were  sep¬ 
arated  by  a  spacing  of  20  to  50  km.  Both  cyclonic  and  antiev- 
clonic  circulation  were  observed.  The  eddies  are  strongly  barc- 
clinic  with  signatures  in  both  the  velocity  and  density  fields. 

The  fQrce  balance  is  nearly  geostrophic  although  centrifugal 
force/Slso  of  some  significance  since  the  eddies  have  such  a  small 
radius  . 


The  detection  of  subsurfac  e  eddies  provides  a  new  dimension 
to  the  energy  balance  in  the  Arctic  Ocean.  Most  of  the  kinetic 
energy  is  contained  in  these  eddies  rather  than  in  the  mean  cur¬ 
rent.  For  example,  in  the  upper  mixed  layer  the  kinetic  energy 
vas  7  ergs/cm^  while  at  100  km  near  the  maximum  eddy  velocity  it 
vas  63  ergs/cm-’,  nearly  an  order  of  magnitude  gr'eater. 

In  the  main  experiment  of  1975-6  eddies  vere  detected  at  all 
four  camps.  Examples  of  current  velocity  profiles  through  eddies 
at  tvo  camps  are  shown  in  fig.  3-  They  differ  from  the  barotropic 
vind-driven  motions  by  often  occurring  when  there  is  little  ice  mo 
tion  and  by  their  strong  vertical  shear.  The  maximum  speed  vas 
found  at  150  m  in  1972  but  in  1975-6  speed  maxima  were  often  some¬ 
what  shallower.  Current  steeds  of  over  50  cm/s  were  observed  in 
1975-6. 


7-  5  arctic  eddies  differ  frc:  the  stT.  -.rtic  cr.es  in  tvo  vgys.  The 
:.cri::ct?.I  and  vertical  cpe.ce  scales  of  the  arctic  e  d  d  i  c-  s  are  r.'jch 
Trailer  respectively,  PC  hr.  and  TOO  r.  ,  than  these  in  the  atlantic-, 
100  hr  and  h,000  r. .  This  ray  he  related  to  the  steeper  and  s  h  al¬ 
io  v  e  r  j.ycrsocline  in  the  Arctic  Ocean.  The  depth  of  raxir.ua  velo¬ 
city  also  differs  he  tv  ear.  tee  tvo  c  scans.  ’.'here  as,  in  the  Atlan¬ 
tic  it  is  p  r  e  s  c a-hiy  at  the  surface,  altheurh  data  cn  this  is  not 
definite,  in  the  Arctic  the  r  s>:  iron  is  definitely  telcv  the  sur¬ 
face  at  oO  to  150  it.  This  appears  related  to  the  presence  of  the 
ice  cover  against  vhich  the  eddy  is  friction  ally  dissipated.  Thus 
the  Arctic  eddies  enlarge  the  types  of  conditions  under  vhich  ed¬ 
dies  are  hncvn  to  exist.  The  prevalence  and  energy  of  eddy  mo¬ 
tion  has  led  to  a  change  in  ideas  of  ocean  circulation.  Earlier 
ideas  vere  of  a  mean  circulation  disturbed  only  by  small  pertur¬ 
bations.  The  overwhelming  contribution  of  eddies  to  the  energet¬ 
ics  of  the  ocean  now  require  a  reassessment  of  these  ideas. 


EDDY  GENERATION 

Some  comment  and  speculation  on  the  possible  origins  and  ef¬ 
fects  of  tbese  energetic  features  is  needed.  One  of  the  first 
steps  is  to  examine  the  correlation  between  temperature  and  sal¬ 
inity  within  the  eddy  to  see  if  it  agrees  with  that  in  surround¬ 
ing  waters.  Bevton  et  al .  (197*0  found  the  evidence  supported  a 

distant  origin  although  Hunkics  ( 197** )  found  the  evidence  incon¬ 
clusive  . 

The  only  serious  proposal  for  a  mechanism  of  generation  so 
far  seems  to  be  connected  vith  the  instability  of  vertical  shear 
in  a  stratified  fluid  under  certain  conditions.  This  mechanism 
is  essentially  the  same  as  that  used  to  explain  the  breakup  of 
the  mean  westerly  winds  in  the  atmosphere  into  the  familiar  cy¬ 
clones  and  anticyclones.  There  is  a  basic  shear  of  2  or  3  cm/sec 
across  the  pvcnocline  in  this  part  of  the  Arctic  Ocean.  Calcula¬ 
tions  show  that  this  is  unstable  but  vith  growth  periods  of  many 
months.  The  growth  period  is  the  time  taken  for  an  infinitesimal 
disturbance  to  grow  by  a  factor  of  e.  Growth  is  maximum  for  'cer¬ 
tain  intermediate  wavelengths  which  are  on  the  order  of  the  Ross- 
by  radius  of  deformation.  Since  the  Rossby  radius  is  10  to  20  km 
in  the  Arctic  Ocean,  depending  on  the  details  of-fcov  it  is  calcu¬ 
lated,  the  baroclinic  instability  origin  is  a  reascr.able  candi¬ 
date.  The  slow  growth  rate  in  the  A.IDJEX  area  and  more  favorable 
growth  conditions  near  the  Alaskan  Continental  Slope  suggested  to 
Kunkins  (197*0  and  Kart  and  Killworth  (1976)  that  they  might  be 
generated  there  ana  advected  north  to  the  AIDJEX  area.  The  effect 
of  the  bottom  slope,  enhanced  shear  and  lack  of  summer  ice  cover 
there  all  favor  instability  in  the  Alaskan  Continental  Slope  re- 


I e  s-urfact  r  r  c-  e  c  maximum  is  c e  of  the  u ;  cue  ft  it:  r  •:•  s 
of  arctic  esc;  es  v  h  i  c  h  is  £;:  crentiy  ot  f  c  .  n  c  in  ope-  r.  o  r  e  a  r.  ed- 
dies.-  Frictier.  si  c  d  s  s  i  p  $  t  i  c  n  a  r  a  i  ?  t  the  ice  cover  is  the  rest 
likely  cause  of  the  decrease  in  veitcity  near  the  surface.  S ;  m- 
rie  theories  of  raroclinic  ins  tali  2 i ty  yield  disturbance  veloci¬ 
ty  fields  vith  a  r.axir.ss  at  the  surface  if  expo  r.  en  t  i  al  rear,  den¬ 
sity  and  - e  an  velocity  fields  are  introduced.  Exponential  re  an 
fields  rcdel  arctic  conditions  fairly  veil.  The  presence  of  the 
ice  cover  does  not  chance  the  vertical  profile,  only  decreasing 
the  crovoh  rare  arc  shifting  it  to  a  longer  vaveler.gth.  It  is 
plausible  that  th’rKsdies  are  generated  in  open  vater  near  the 
Alaskan  Continental  Shelf  in  summer.  They  then  f.re  carried  un¬ 
der  the  ice  pack  vith  the  mean  current.  Once  under  the  ice  the 
velocity  at  the  surface  is  sieved  by  the  ice.  The  vater  in  the 
mixed  layer  nust  be  quickly  sieved  by  the  Ekman  spin-covn  pro¬ 
cess  in  vhich  momentum  is  spread  quickly  by  secondary  circula¬ 
tions  throughout  the  layer.  The  response  time  for  Ekman  spin- 
devn  is  in  the  neighborhood  of  one  day.  The  highly  stratified 
layers  belov  the  nixed  layer  will  lose  their  momentum  much  more 
slovly.  If  the  stratification  is  great  enough  no  secondary  cir 
dilation  develops  and  momentum  is  lost  by  diffusion  alone.  In 
this  case  a  simple  model  may  be  developed  for  the  eddy  behavior 
belov  the  mixed  layer  shoving  the  deepening  and  decay  of  the  ed¬ 
dy  maximum  vith  time.  The  diffusive  response  time  is  of  the  or¬ 
der  K2/K  for  eddy  diffusion  to  attain  a  depth  H.  H  is  the 

depth  belov  the  mixed  layer  of  the  velocity  maximum.  The  eddy 
diffusion  coefficient  ,-K ,  is  an  unknevn  parameter  vhich  must  ul¬ 
timately  be  determinen/observations .  There  is  hovever  some  in¬ 
formation  on  the  size  of  K  from  measurements  in  other  oceans. 

It  mit.it  typically  be  in  the  area  of  1  to  10  cm2/s  in  a  steep 
pycnocline  such  as  the  arctic  one.  For  K  =  1  and  H  =  100  m, 

yrs;  while  for  K  =  10,  100  days.  Thus  the  time  tak¬ 

en  for  the  eddies  to  reach  their  observed  form  is  on  the  order 
of  months  to  years  according  to  these  ideas.  It  would  be  possi¬ 
ble  to  test  this  if  an  eddy  /couije  identified  and  followed  for  a 
long  enough  time.  It  may  be  possible  to  do  this  vith  the  1975-6 
data  where  the  same  eddies  may  have  been  detected  at  different 
camps  at  different  times.  Hovever,  the  coarse  array  vas  not  de¬ 
signed  for  tracking  eddies  but  rather  for  sampling  on  the  synop¬ 
tic  me teorol  ogi c al  .  s c al e  and  positive  identification  of  an  eddy 
across  the  A3DJEX  array  is  difficult. 
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Introduction 

Geophysical  and  oceanographical  exploration  of  the 
Arctic  Ocean  has  progressed  largely  with  the  aid  of 
drifting  research  stations  established  on  pack  ice.  The 
earliest  drift  expedition  was  carried  out  between  1 693 
and  1 896  by  the  Norwegian  scientist  and  explorer, 
Fridtjof  Nansen,  who  allowed  his  especially  constructed 
vessel,  Fram.  to  freeze  into  the  ice  to  be  carried  by 
winds  and  currents.  During  this  time  Nansen  and  his 
men  conducted  a  remarkable  and  wide-ranging 
program  of  scientific  studies. 

Over  the  past  three  decades,  a  number  of  manned 
scientific  research  stations  have  been  established  by 
the  United  States  on  arctic  sea  ice  in  the  Amerasia 
Basin  of  the  Arctic  Ocean.  These  stations  were  sup¬ 
ported  by  aircraft  which  were  based  at  the  Naval  Arctic 
Research  Laboratory  in  Barrow.  Alaska.  Increasingly, 
however,  scientific  interest  has  grown  in  the  Eurasia 
Basin  of  the  Arctic  Ocean,  which  is  not  readily  accessi¬ 
ble  by  air  from  Alaska.  The  Eurasia  Basin  contains  the 
Arctic  Midoceanic  Ridge,  which  extends  in  a  straight 
line  for  2000  km  between  the  Greenland-Spitsbergen 
Passage  and  the  Laptev  Shelf.  The  Eurasia  Basin  is 
also  the  region  within  which  the  waters  of  the  Atlantic 
Ocean  mix  with  those  of  the  Arctic.  A  number  of 
geophysical,  oceanographic,  and  climatic  questions 
center  around  these  two  features  of  the  Eurasia  Basin. 

To  study  some  of  these  problems,  a  plan  was  devised 
to  freeze  an  icebreaker  into  the  pack  ice  to  repeat  the 
drift  of  the  Fram  ( National  Academy  of  Sciences,  1 976) 
However,  by  the  summer  of  1 977,  it  was  apparent  that 
the  U  S.  Navy  plan  to  freeze  the  USCGC  Burton  Island 
into  the  arctic  ice  would  not  receive  sufficient  U  S. 
interagency  support.  Therefore,  in  August  1 977,  at  the 
Third  Symposium  on  Antarctic  Geology  and  Geophys¬ 
ics  at  Madison,  Wisconsin,  a  small  group  of  interested 
arctic  scientists  (T.  Gjelsvik,  F.  Roots,  L.  Johnson,  and  L. 
DeGoes)  met  to  discuss  the  matter.  It  was  the 
unanimous  and  enthusiastic  conclusion  that  some 
action  was  needed  to  spur  scientific  research  in  the 
eastern  Arctic.  The  concept  of  Fram  I  was  thus  initiated. 
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Planning 

T he  scientific  plan  was  first  discussed  by  U.S.,  Cana¬ 
dian.  and  Norwegian  scientists  at  a  meeting  in  Seattle  in 
September  1 977.  In  order  to  broaden  the  base  of  scien¬ 
tific  research,  all  interested  scientists  were  invited  to  a 
meeting  in  Copenhagen  on  January  31 .1978,  which 
was  held  under  the  auspices  of  the  Commission  for 
Scientific  Research  in  Greenland.  Here  the  scientific 
program,  as  constrained  by  the  available  logistic  sup¬ 
port.  was  defined.  It  was  considered  important  that  the 
scientific  program  be  as  broad  as  possible  in  this  region 
which  is  so  little  explored  in  nearly  all  scientific  areas. 
Timing  was  coordinated  to  take  advantage  of  the 
Lomonosov  Ridge  Experiment  (Lorex)  of  Canada 
t  Weber,  1979]  so  that  cooperative  programs  could  be 
arranged. 

Fram  I  was  organized  as  a  U.S.  station,  with  participa¬ 
tion  by  Danish  scientists  arranged  for  through  the  Com¬ 
mission  for  Scientific  Research  in  Greenland.  Nor¬ 
wegian  scientists  through  the  Norwegian  Polar  Re¬ 
search  institute,  and  U.S.  scientists  through  Lamont- 
Doherty  Geological  Observatory  under  contract  to  the 
Office  of  Naval  Research.  The  Bedford  Institute  of 
Oceanography  served  as  the  Canadian  focal  poinL 

In  July  1 978,  the  Polar  Science  Center  of  the  Univer¬ 
sity  of  Washington  submitted  a  proposal  to  the  Office  of 
Naval  Research  to  take  on  major  responsibilities  in  the 
areas  of  planning  and  coordination,  as  well  as  manage¬ 
ment  and  field  services.  With  the  Office  of  Naval  Re¬ 
search  approval  to  proceed.  Polar  Science  Center,  in 
the  fall  of  1 978,  started  the  detailed  planning  process, 
which  included  purchasing  of  camp  equipment  and 
negotiating  contracts  for  aircraft  and  personnel  support 
services. 

Scientifically,  the  basic  plan  was  to  establish  Fram  I 
on  magnetic  anomaly  5  and  thence  drift  over  the 
southern  axial  valley  of  the  active  spreading  center  of 
the  Arctic  Midoceanic  Ridge,  across  the  Nansen  Frac¬ 
ture  Zone,  and  up  the  continental  slope  of  Greenland. 
This  track  would  thus  satisfy  the  majority  of  the  stated 
scientific  needs.  After  a  short  geophysical  program  on 
the  shelf,  the  camp  would  then  be  abandoned  about 
mid-May.  As  it  turned  out,  however,  the  ice  drift  did  not 
follow  the  projected  trajectories  and  had  not  reached 
the  shelf  area  at  the  end  of  the  program. 

The  problem  of  logistics,  like  that  faced  by  Lorex, 
was  complex.  It  was  decided  to  paradrop  the  drummed 
fuel  and  explosives  via  a  low-altitude  deployment  (LAD) 
using  Military  Airlift  Command  (MAC)  C-1 30's  from 
Thule. 

Execution 

On  February  1 2, 1 9-79,  all  field  equipment  was  ship¬ 
ped  from  Anchorage  to  Greenland  on  a  commercial  C- 
1 30  aircraft  with  two  project  personnel.  One  went  to 
Nord,  with  the  approximately  30,000  lbs.  (1 3,608  kg)  of 
equipment,  to  start  preparations  for  the  project  there 
and  one  remained  at  Thule  to  coordinate  efforts  there. 
Nord,  a  small  Danish  military  base  in  northeast  Green¬ 
land,  was  utilized  as  the  prime  logistic  support  base  for 
Fram  /through  the  generosity  of  the  Danish  Defense 
Command. 

In  late  February  and  early  March,  project  aircraft, 
equipment,  and  personnel  started  arriving  at  Thule. 


On  March  1 1 ,  Fram  I  was  established  at  approx¬ 
imately  84  24'N.  06  OO'W.  after  tne  site  had  been 
visited  twice  in  the  preceding  week  during  reconnais¬ 
sance  by  the  Twin  Otter  aircraft 

By  March  20.  all  personnel  were  atlhe  ice  camp,  and 
by  March  22,  all  primary  equipment  and  supplies  had 
oeen  delivered  to  tne  station  In  22  Twin  Otter  flights 
and  5  Tri-Turbo  3  (TT3)  flights,  a  total  of  approximately 
80.000  lbs  (36.288  kg)  of  cargo  ana  personnel  was  air¬ 
lifted  from  Nord  to  Fram. 

By  March  23.  the  31 7th  Tactical  Airlift  Wing  of  MAC 
had  completed  their  mission  of  air-dropping  fuel, 
including  300  drums  of  JP-4,  72  drums  of  JP-5,  1 6 
drums  of  Mogas.  and  1 0  tons. of  explosives  from  an 
altitude  of  1600  feet  (487.7  m).  All  pallets  landed  safely 
Only  one  pallet  went  through  thin  ice  with  the  loss  of 
parachute  and  rigging;  however,  the  drums  were 
recovered  by  helicopter.  All  material  was  rigged  in 
Thule  for  paradrop  by  the  Army's  1 8th  Airborne  Corps. 

During  the  last  week  in  March,  as  the  science 
program  had  just  started  into  full  operation,  the  camp 
was  split  in  two  by  a  crack  running  through  the  Bedford 
Institute  hydrohole.  With  minor  relocation  away  from  the 
crack,  the  sampling  program  continued  almost  uninter¬ 
rupted  from  what  had  now  become  two  camps  sepa¬ 
rated  by  approximately  1  km.  The  lead  separating  the 
camp  eventually  refroze  and  became  a  Twin  Otter  run¬ 
way.  With  some  ongoing  ridging  and  cracking,  the  ice 
held  together  until  the  end  of  the  program.  After  an 
'abnormal'  northerly  drift  during  the  month  of  March, 
Fram  /  finally  started  moving  south  in  April. 

A  gradual  reduction  of  the  Fram  I  program  began  on 
May  8th,  a  few  days  ahead  of  schedule.  The  reason  for 
this  came  from  a  combination  of  circumstances;  the  ice 
in  and  around  the  camp  was  becoming  very  active,  the 
approach  of  summer  with  foggy  weather  conditions 
started  to  curtail  flight  operations,  and  science  objec¬ 
tives  for  the  most  part  were  met.  Although  the  camp  at 
the  time  was  moving  at  a  rapid  rate  it  was  apparent  that 
it  would  not  reach  the  planned  conclusion  of  the 
scheduled  drift,  the  continental  margin  of  Greenland. 

The  last  day  of  data  collection  was  on  May  1 3,  and  by 
May  1 5  all  personnel  were  off  the  ice,  and  the  experi¬ 
ment  was  completed.  Poor  weather  and  the  loss  of  the 
runway  on  the  final  day  resulted  in  more  equipment 
being  left  behind  than  had  been  planned.  In  particular, 
several  shelters  with  furnishings  and  kitchen  ap¬ 
pliances  were  abandoned.  Remaining  fuel  was  only 
5%-6%  of  the  initial  cache. 

On  May  1 6,  the  helicopter  and  the  T win  Otter  left 
Nord  for  Thule,  and  the  TT3,  after  a  final  buoy  mission 
on  May  1 8,  left  Nord  for  Thule  on  May  1 9.  Two  C- 1 30 
aircraft  (one  on  May  1 7  and  one  on  May  22)  evacuated 
equipment  and  remaining  personnel  from  Nord  to  the 
US. 


The  Scientific  Program 

Navigation 

Fram  /  drifted  mainly  southward  as  expected,  except 
for  an  initial  northward  movement  under  southerly 
winds.  The  drift  track,  covering  nearly  300  km,  is  shown 
in  Figure  1 .  All  positions  for  the  camp  were  determined 
with  the  U  S.  Navy  T ransit  satellite  navigation  system 


using  Magnavox  1  502  and  706  receiver  units  The  two 
portable  1  502  units  were  used  for  most  ot  tne  camp 
positions  and  were  also  taken  to  remote  sites  or  occa¬ 
sion  for  absolute  positioning  for  geophysical  surveys 
Between  March  1 8  and  May  1 2  a  total  of  1 1  78  accept¬ 
able  fixes  were  obtained  for  Fram  I  Maximum  slarida'C 
deviations  based  on  Doppler  data  residuals  were  64  rr 
in  latitude  and  88  m  in  longitude  The  Omega  navigation 
sets  in  both  the  Twin  Otter  and  the  helicopter  generally 
provided  reliable  navigation  for  remote  surveys. 

Bathymetry 

Ocean  depth  along  the  track  of  Fram  I  was  monitored 
continuously  with  a  1 2-kHz  echo  sounder.  Spot  deptn 
soundings  away  from  camp  were  also  obtained  during 
geophysical  surveys  by  using  the  helicopter.  A 
bathymetric  profile  aiong  the  drift  track  (Figure  2) 
showed  depth  gradually  decreasing  as  the  station 
drifted  over  the  flank  of  the  Arctic  Midoceanic  Ridge 
from  its  initial  location  above  the  Pole  Abyssal  Plain 
(4000  m).  At  the  time  of  evacuation,  Fram  /  was  located 
in  2300  m  ot  water,  30  km  from  the  ridge  axis  as  deter¬ 
mined  during  helicopter  surveys. 

Gravity 

During  the  drift,  gravity  was  measured  continuously 
with  a  Lacoste  and  Romberg  Model  G  gravimeter 
especially  modified,  with  variabie  damping  and 
electronic  readout  for  use  on  pack  ice.  This  instrument 
was  also  used  for  helicopter  surveys.  The  results  will 
provide  supplemental  information  for  geophysical 
crustal  interpretations  and  will  furnish  geodetic  data  in 
an  area  where  fittfe  such  information  existed  previously. 

Deep  Seismic  Refraction 

Crustal  velocity  structure  and  its  anisotropy  were 
measured  with  1 2  seismic  refraction  profiles  which 
extended  to  distances  of  from  40  to  1 00  km  from  Fram  I. 
Both  an  ocean  bottom  seismometer  and  an  array  of 
sonobuoys  were  used  as  receivers.  The  profiles  cover 
the  area  from  the  flanking  abyssal  plain  to  the  axial 
valley  and  should  provide  details  of  lithosphere  struc¬ 
ture  beneath  this  slowly  spreading  ridge. 

Sub-bottom  Profiting,  Shallow  Seismic  and 
Microearthquakes 

A  40  cubic  inch  (1 01 .6  cm3)  air  gun  and  a  single 
hydrophone  receiver  were  used  to  survey  sediment 
thickness.  On  the  Pole  Abyssal  Plain,  sediment  cover 
was  represented  by  over  1  second  of  two-way  travel 
time.  As  the  station  drifted  toward  the  ridge  crest,  sedi¬ 
ment  thickness  thinned  progressively.  Seismic  profiles 
at  ranges  of  about  1 0  km  were  shot  to  sonobuoy 
receivers  to  determine  the  structure  of  the  upper  sedi¬ 
ment  layers.  The  three  to  six  sonobuoy  receivers  were 
spaced  several  kilometers  apart.  They  were  operated  in 
a  continuous  mode  in  order  to  monitor  microearth¬ 
quakes  in  the  vicinity  of  the  Midoceanic  Ridge.  Near  the 
ridge  axis,  seismic  events  were  recorded  at  the  rate  of 
two  per  hour. 


Fig  2.  Bathymetric  profile  along  the  Fram  I  track. 


Marine  Biology 

Primary  productivity,  nutrients,  chlorophyll,  salinity, 
and  temperature  were  sampled  extensively  in  the  upper 
200  m  of  the  ocean.  The  productivity  of  flora  on  the  bot¬ 
tom  of  the  pack  ice  was  also  studied.  Mesopiankton 
were  sampled  throughout  the  water  column  in  order  to 
study  their  relation  to  hydrographic  parameters. 

Polar  Bear  Studies 

Polar  bears,  which  are  now  a  protected  species,  have 
been  of  great  importance  to  native  hunters  in  the  past. 
The  migration  pattern  of  these  bears  is  still  largely 
unknown  and  a  matter  of  controversy.  To  provide  infor¬ 
mation  on  their  migrations,  collars  instrumented  for 
satellite  telemetry  were  successfully  placed  on  four 
polar  bears  to  allow  them  to  be  tracked  over  large  dis¬ 
tances.  Preliminary  results  show  some  bears  covering  a 
distance  of  250  km  in  1  week.  Also,  seven  bears  were 
tagged  for  later  identification  as  a  further  aid  to  estab¬ 
lishing  migration  patterns. 

Meteorology  and  Electromagnetics 

The  atmospheric  boundary  layer  above  the  ice  flow 
was  studied  with  a  sensor  array  on  a  1 0-m  tower. 
Weather  data  were  transmitted  twice  daily  for  inclusion 
in  the  World  Meteorological  Organization  surface 
charts.  Pollution  of  the  polar  air  was  investigated  with 
sampling  of  mercury,  sulfur,  and  aerosol  content. 

Three  meteorological  data  buoys  were  deployed  in 
the  area  north  of  Svalbard  as  part  of  the  Garp  project, 
including  one  which  was  activated  on  the  abandoned 
Fram  I  campsite.  This  buoy  has  provided  further  drift 
data  on  the  station  which  exited  into  the  Greenland  Sea 
during  August. 

The  reception  of  ELF/VLF  radio  signals  was 
monitored  and  HF  absorption  was  measured. 
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Introduction  '~ 

On  the  founeemh  of  March  1981,  Fram  3, 
the  third  in  a  series  of  four  U.S.  manned  ice 
camps,  was  established  in  the  eastern  Arctic 
Ocean  at  84.32°N.  20.07°E  for  oceanographic 
and  geophysical  research  in  the  Eurasian  ba¬ 
sin  north  of  the  Greenland-Spiubergen  Pas¬ 
sage. 

Investigators  from  several  institutions  in 
the  United  States,  as  well  as  from  Canada 
and  England,  participated  in  studies  of  physi¬ 
cal  and  chemical  oceanography,  low-frequen¬ 
cy  underwater  acoustics,  geophysics,  and  the 
mechanics  and  propagation  of  waves  through 
sea  ice.  A  Bell  204  helicopter  and  crew  were 
stationed  at  From  3  throughout  the  drift  in 
order  to  support  research  efforts  and  camp 
operations.  Several  oceanographic  buoys  that 
used  satellite  telemetry  were  deployed  during 
this  lime  period. 

Oceanographically,  the  From  3  region  is  of 
interest  because  of  the  proximity  of  the  polar 
front,  which  separates  the  outflowing  Arctic 
surface  water  from  the  inflowing  Atlantic  wa¬ 
ter  in  the  Greenland-Spilzbergen  Passage  and 
northward.  Significant  amounts  of  heat  and 
salt  are  transferred  through  this  strait  as 
compared  to  other  passages  into  the  Arctic 
Ocean,  such  as  the  Bering  Strait  and  the  Arc¬ 
tic  Archipelago  [Aagaard  and  Grcrsman,  1975). 
Variations  in  these  transports  of  heat  and  salt 
through  the  Fram  Strait  may  prove  to  be  a 
significant  factor  in  climate  change.  Estimates 
of  vertical  fluxes  in  heat  and  salt  were  also 
part  of  the  ongoing  experiments  of  the  Fram 
expeditions.  These  would  help  determine 
spatial  variations  of  heat  loss  from  the  Atlan¬ 
tic  water  into  the  upper  layers  of  the  Arctic  - 
Ocean  (less  than  200  m).  It  was  also  hoped 
that  data  might  also  provide  more  insight 
into  the  origin  and  effects  of  the  steep  pycno- 
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chne  that  lies  dnt-tilv  beneath  the  mixed  las¬ 
er  (50  tm  and  the  tippet  exirni  of  the  Atlan¬ 
tic  ^vjit-i  ILMMi-MHi  in)  (. intent  iht-orc  sug- 
gests-that  this  lavei  tv  the  product  ol 
wintertime  ire  foiin.itiou  on  the  shelves  sur¬ 
rounding  the  A i c  t it  (heart  The  resultant 
co Id.  saline  shell  water  rv  l./iri  *<!>  cried  into 
the  Arctic  Ocean  on  surfaces  of  constant  den¬ 
sity  that  reside  in  the  depth  range  of  50  to 
200  m.  Due  to  the  verv  large  gradients  of 
temperature  and  saltnitv  m  this  depth  range, 
the  vertical  transfer  of  heat  from  the  Atlantic 
water  to  the  upper  lasers  of  the  Arctic  Ocean 
is  effectively  rninimired  Mesoscale  CTD  (con¬ 
ductivity,  temperature,  and  depth)  surveys 
were  also  conducted  by  helicopter  to  depths 
of  500  m  in  order  to  expand  the  areas  of  ob¬ 
servation  as  well  as  to  map  various  features 
and  their  temporal  variations  on  length  scales 
of  10  to  300  km.  A  profiling  current  meter- 
CTD  unit  was  also  used  at  the  main  camp  to 
study  the  response  of  the  upper  ocean  to 
storms. 

At  camp,  samples  for  chemical  and  bio¬ 
chemical  analysis,  ranging  in  volume  from  1.2 
to  100  1,  were  taken  at  many  levels  through¬ 
out  the  water  column.  Various  projects  were 
designed  to  study  the  concentrations  of  triti¬ 
um,  oxygen,  alkalinity,  nutrients,  respiratory 
enzymes,  trace  metals,  ammonia,  dissolved  sil¬ 
icon.  and  bomb-produced  C-14. 

Further  geophysical  information  was  also 


to  Ik-  gathrtrd  in  the  airav  < if  the  Nansen  Ba¬ 
sin  and  Ycirnak  Plateau  The  Nan  sen  Basin  i» 
of  intetest  because  of  us  thin  otc-anit  oust 
which  is  a  result  of  the  vet  v  slow  spit  ading  of 
the  Arctic  Mid-Ocean  Ridge,  located  several 
hundred  kilometers  to  the  west  The  Yermak 
Pl.iteau  mav  be  continental  in  origin,  howei- 
et.it  does  not  fit  well  into  a  ie<  oust  ruction  of 
the  local  continental  land  masses  In  older  to 
studs  these  features,  observations  of  hea' 
flow,  gravtiv.  short  sediment  coies.  seismic  re¬ 
flection  profiles,  and  continuous  precision 
depth  recordings  wcie  made  at  Fram  3  Sev¬ 
eral  seismic  refraction  lines  were  also  con¬ 
ducted  in  the  vicinitv  of  the  Yermak  Plateau 
and  within  the  Nansen  Basin  with  the  aid  of 
the  helicopter 

With  all  scientific  goals  accomplished.  Fram 
3  was  evacuated  on  Mav  13.  198),  at  a  posi¬ 
tion  of  8D43’N  and  3C15'E.  The  resulting  net 
drift  of  361  km  proved  to  be  much  longer 
than  that  of  Fram  1  ( 163  km)  and  Fram  2  (83 
km)  stations  during  the  previous  years.  This 
not  only  allowed  experiments  to  be  carried 
out  over  a  large  geographical  area  but  also 
over  a  range  of  ocean  depths,  from  a  maxi¬ 
mum  of  4088  m  in  the  Nansen  Basin  to  a 
minimum  of  727  m  above  the  Yermak  Pla¬ 
teau.  Figure  1  shows  the  drift  tracks  of  the 
three  Fram  stations  superimposed  on  the  gen¬ 
eral  bathymetry  of  the  Arctic  Ocean. 

Background 

After  completion  of  the  Arctic  Ice  Dynam¬ 
ics  Joint  Experiment  (AIDJEX)  in  the  Beau- 
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fori  Sea  in  I97<>.  where  ice  mechanics  in  the 
cvmral  j>ack  s,as  emphasized.  ihe  U rilled 
State*  made  a  <<m<eried  efion  n>  begin  geo- 
phssica!  and  cm canographic  investigations  in 
liu  '  astern  Arcus  Ocean  The  Fran.  ev|«-di- 
liim  scries  of  short-duration  manned  camps 
loratrd  on  die  drifting  pact  ice  norih  of 
Cteeniand  teas  been  liu-  to  us  of  dtis  efion 
Cooperation  and  pantcipanon  from  Norsvas, 
Denmark,  and  Canada  in  seseral  of  ihe  expe¬ 
ditions  have  heen  an  imjtoriant  aspect  in 
these  projects. 

The  project  name  From  echoes  that  of  the 
specially  designed  ship  thai  teas  frozen  into 
the  pack  ice  of  the  Arctic  Ocean  near  the 
New  Siberian  Islands  bv  the  N'orwegtaft-^t- 
plorer  Fridtjof  Nansen,  in  a  milestone  of  po¬ 
lar  scientific  exploration.  During  the  drift  of 
the  original  From  (1893-96),  an  unprecedent¬ 
ed  amount  of  information  was  collected  over 
the  deep  ocean  of  the  Eurasian  Basin. 

The  first  of  the  modem  From  camps  was 
established  on  the  drifting  ice  at  a  position  of 
84*24"N,  6°00'W.  on  March  11.  1979  (Figure 
1).  From  1  was  a  U.S.  drifting  ice  station  that 
had  scientific  and  logistic  participation  by 
Norway,  Denmark,  and  Canada.  Away  from 
the  main  camp  a  CTD  survey,  seismic  refrac¬ 
tion  lines,  microearthquake  investigation,  and 
polar  bear  migration  studies  were  supported 
by  helicopter.  At  the  main  camp  there  were 
programs  in  physical,  chemical,  and  biological 
oceanography,  as  well  as  surface  weather 
monitoring.  Although  the  drift  of  the  camp 
did  not  reach  its  anticipated  destination  by 
evacuation  time,  a  large  amount  of  geophysi¬ 
cal  and  oceanographic  data  were  obtained 
[Kristoffersen,  1979;  H unkins  et  al,  1979a,  6J. 

Preliminary  scientific  results  from  Fram  1 
were  presented  at  the  special  session  "Arctic 
Geophysics  and  Oceanography;  LOREX  and 
From  V  during  the  American  Geophysical 
Union  Spring  Meeting  1980.  Interesting  re¬ 
sults  suggest  that  the  crust  in  the  Amundsen 
Basin  ij  less  than  3  km  thick  and  is  related  to 
the  slow  spreading  rate  of  the  Arctic  Mid- 
Ocean  Ridge.  Reed  and  Jackson  [1981]  have 
also  formulated  a  theoretical  model  for  the 
relationship  between  crustal  thickness  and 
spreading  rate  for  the  ridge.  Data  not  only 
from  the  From  expedition  but  also  from  nu¬ 
merous  areas  around  the  world  agree  with 
the  model.  Also  observed  on  one  of  the  re¬ 
fraction  lines  was  a  local  hot  spot  over  which 
the  crust  was  significantly  thicker,  8  km  [jack- 
son  et  al.,  1982J. 

Although  baroclinic  eddies  of  the  type 
highly  prevalent  in  the  Beaufort  Sea  north  of 
Alaska  [Manley,  1981;  Dixit,  1978;  Hunkins, 
1974;  Newton  et  al,  1974)  were  not  observed, 
a  prominent  front  was  found  in  the  mixed 
layer.  Heat  flux  from  the  Atlantic  water  into 
the  surface  mixed  layer  is  effectively  mini¬ 
mized  by  the  steep  pvenodine  overlaying  the 
Atlantic  water,  even  close  to  the  main  polar 
front  region  [Aagaard  et  al.,  1979;  McPhee, 
1980a  J.  Both  portable  and  camp-based  CTD 
measurements  documented  a  type  of  frontal 
intrusion  of  colder,  more  saline  water  from 
the  south  and  may  have  originated  from  the 
arctic  continental  shelves  [Aagaard  et  al,  1979; 

lunkins  and  Manley,  1980;  McPhee,  19806). 

In  the  following  spring.  Fram  2  was  estab¬ 
lished  on  March  14  for  the  study  of  long- 
range,  low-frequency,  underwater  acoustics, 
and  later  its  two  manned  satellites,  camp  1 
and  camp  2,  were  also  set  up  [Allen  et  al., 
1980).  Marine  geophysics  and  physical  ocean¬ 
ography  were  conducted  at  the  main  camp  as 
well  as  along  lines  radiating  away  from  the 
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station,  using  a  Bel!  2<‘4  helicopter  as  in  tin 
f ram  1  experiment  Scientific  obirc lives  ant! 
prelinunars  results  of  the  underwater  acous¬ 
tic  program  are  given  hs  D\n  and  hagcrit,n 
(I9S0)  and  hagpnon  and  h\n  1 1982J  Sotnt 
of  the  more  notahlt  results  vsere  the  bights 
variable  ambient  noise  londinons  and  pood 
sipnal-ln  noise  ratios  frcim  tiarkxvaticimg  o! 
signals  bs  features  as  far  awav  as  the  Omkiln 
Sea  Seismic  refraction  work  at  Finn,  2  indi¬ 
cates  that  2  to  5  km  of  sediment  overlay  a 
crust  of  less  than  5  km.  agreeing  fairlv  closels 
with  the  From  /  results  {Duckworth  et  a!.. 

1982) 

A  subsurface  mesoscale  eddy  was  observed 
on  a  helicopter  traverse  to  camp  1  from  From 
2.  This  is  only  the  second  observation  of  a 
subsurface  mesoscale  eddy  in  the  Eurasian 
Basin.  The  first  observation  of  such  a  feature 
was  made  by  Shirshov  in  1937  from  the  Sovi¬ 
et  drifting  ice  station  NP-1  (as  reported  bv 
Belyakov,  1972].  Thickness  of  the  eddy  was 
about  175  m  and  was  in  the  depth  range  of 
50  to  225  m.  The  depth  of  maximum  angular 
velocity  was  calculated  to  be  at  90  m.  These 
characteristics  are  similar  to  those  observed  in 
the  Beaufort  Sea  during  the  main  AIDJEX 
experiment. 

Staging  of  Fram  3 

In  late  February  of  1981  the  advance  team 
for  From  3  accompanied  a  group  of  V.S. 

Army  parachute  riggers  from  the  612th  QM 
Company  of  Fort  Bragg.  North  Carolina,  as 
well  as  the  support  crew  and  officers  of  three 
U.S.  Air  Force  C-130  Hercules  transports 
from  the  317th  Tactical  Air  Wing  of  Pope 
Air  Force  Base,  North  Carolina,  to  Thule, 
Greenland.  These  C-130’s  were  then  used  to 
transport  all  scientific  and  logistic  gear  to  the 
Danish  base  at  Nord  on  the  northeast  comer 
of  Greenland,  while  the  Army  riggers  at 
Thule  prepared  the  necessary  lumber,  fuel, 
and  explosives  for  eventual  C-130  paradrops 
over  Fram  3. 

A  DeHavilland  Twin  Otter  and  a  specially 
modified  DC-3  Tri-Turbo-  were  then  used 
for  location,  establishment,  and  support  of 
the  drifting  ice  camp.  On  March  13,  Fram  3 
was  established  on  a  large  multiyear  floe  that 
measured  3  km  by  5  km  and  had  an  average 
thickness  of  4  m.  Bad  weather  and  radio 
communications  prevented  further  flights  to 
From  3  until  5  days  later. 

By  mid-April,  203.000  pounds  of  fuel,  lum¬ 
ber,  and  explosives  were  paradropped  to 
From  3  by  the  C-l  30  s.  An  additional  75,000 
pounds  of  scientific  and  logistic  gear  were 
landed  at  Fram  3  by  way  of  24  Twin  Otter 
and  five  Tri-Turbo-  flights.  From  April  6  to 
May  5  (last  day  of  the  scientific  program)  an 
average  of  19  people  were  stationed  at  the 
camp.  By  the  end  of  the  manned  drift,  a  total 
of  895  'man  days'  had  been  logged  at  the 
camp. 

Final  evacuation  from  Fram  3  was  on  May 
13,  at  a  position  of  81*43'N,  3°15’E,  61  days 
after  the  first  landing.  The  net  drift  of  the  ice 
station  was  361  km  to  the  southwest  at  an  av¬ 
erage  drift  rate  of  5.9  km/d.  Due  to  the  me¬ 
andering  of  the  camp  along  the  drift  track, 
the  total  distance  covered  was  505  km,  with  a 
computed  average  drift  velocity  of  8.3  km/d. 

Following  a  few  days  of  packing  at  Nord, 
two  C-130*  from  the  36th  TAS  of  McChord 
Air  Force  Base,  Washington,  removed  all  re¬ 
maining  gear  and  personnel  from  Nord  to 


Thule  Air  Font-  Have  and  then  back  to  the 
l  tmed  States 

Fram  3  Scientific 
Programs  and 

Preliminary  Results 

✓ 

The  imimiiions  mvoiwd  in  sotniibc  pn.*- 
grams  on  Ftnm  3  ami  available  picliminan 
results  are  listed  belov.. 

Lamont-Doherh  Geological  Observatory 

Station  physical  oceanography  Profiles  of 
conductivity,  temperature,  and  oxygen  were 
made  to  depths  of  1000  m  at  least  three  times 
each  day,  using  a  Neil  Brown  CTD  equipped 
with  an  oxygen  sensor  Stations  to  the  bottom 
of  the  ocean  were  taken  on  a  weekly  basis.  A 
pinger  mounted  on  the  CTD  permitted  data 
to  be  taken  within  a  few  meters  of  the  bot¬ 
tom.  A  12-bottle  rosette  sampler  and  revers¬ 
ing  thermometers  were  used  to  obtain  tem¬ 
perature,  salinity,  and  pressure  data  for  later 
calibration. 

Additional  CTD  stations  were  taken  to  pro¬ 
vide  geochemists  with  small  1.2-1  samples  of 
water  for  the  study  of  tritium,  oxygen,  dis¬ 
solved  nutrients,  and  gases  within  the  water 
column;  to  provide  intercalibration  stations 
between  the  portable  ODE  (ocean  data  equip¬ 
ment)  and  Neil  Brown  CTD’s;  and  to  provide 
a  concurrent  station  at  Fram  3  at  those  limes 
that  the  portable  CTD  was  away  from  camp 
on  a  helicopter  transect. 

Preliminary  results  show  passage  of  the 
main  camp  through  the  polar  front,  a  some¬ 
what  linear  surface  feature  on  the  order  of 
100  km  wide  and  extending  to  a  depth  of 
roughly  300  m.  Large  temperature  and  salini¬ 
ty  variations  were  observed  frequently  within 
this  depth  range.  Fine  structure  was  also 
highly  variable  in  this  area.  Yo-yo  CTD  sta¬ 
tions  that  were  taken  every  20  min  to  depths 
of  400  m  were,  in  several  cases,  inadequate 
for  keeping  track  of  the  individual  fine-struc¬ 
tured  features.  Well-mixed  boundary  layers 
were  also  observed  at  abyssal  depths  as  well 
as  along  the  slope  and  top  of  the  Yermak  Pla¬ 
teau. 

Mesoscale  helicopter  oceanographic  survey. 
Helicopter  mobility  provided  the  means  to 


studv  mes'iscale  featuirs  and  thru  spatial 
variability  in  the  upper  Mill  ni  T  Ins  was  at 
rum plistird  bs  using  a  jMinablr  <T1>.  as  in 
the  Fram  /  and  Fram  2  ex  peril!  inns.  Figure  I 
slums  tin  positions  of  t fit-  CTD  stations  rArn 
in  tlit-  sit  urns  of  rath  of  the  From  m  t.itnps 
A  maio;  obn-riise  of  tins  program  s\as  to  trial1 
tin  polar  liom  in  the  sicinits  of  the  Fran.  5 
drift  traik  Another  ohirrtixc  "as  to  studs 
am  itidirs  within  the  region.  It  is  hoped  that 
further  knowledge  alxiut  these  featuies  "ill 
aid  in  the  understanding  ol  laieral  mixing 
within  the  Arctic  Otean  and  of  transport  pro¬ 
cesses  across  the  polar  front  The  camp 
passed  over  two  featuies,  15  and  25  km 
across,  of  anomalously  high  salinity  and  tern 
perature.  which  had  apparently  originated 
from  Atlantic  waiet.  Thes  appear  to  be  ed¬ 
dies  shed  bv  the  polar  from.  Work  done  b\ 
Hunktru  |)9S1]  indicates  that  this  region  is 
baroclinicallv  unstable  and  that  features  with 
a  scale  of  approximately  30  km  arc  the  fastest 
growing  (doubling  lime  of  2  weeks). 

Alignment  of  the  polar  from  was  generally 
NE-SW  Its  location,  on  the  basis  of  salinity, 
was  fairly  stationary  over  the  1 -month  obser¬ 
vation  period,  although  temperatures  showed 
a  more  satiable  pattern. 

Ocean  currents.  The  properties  of  inertial 
and  internal  waves  were  investigated  with  an 
arrav  of  five  Aanderaa  current  meters 
equipped  with  conductivity,  temperature,  and 
pressure  sensors.  Two  strings  of  current  me¬ 
ters  were  deployed — one  in  a  lead  at  the  edge 
of  the  large  From  ice  floe,  5  km  from  the 
camp,  and  one  at  camp  itself.  The  'lead 
string"  had  instruments  suspended  at  depths 
of  25  and  100  m,  while  the  'camp  string'  had 
instruments  at  25,  100,  and  480  m. 

The  100-m  lead  instrument  documented 
the  passage  of  the  camp  through  part  of  the 
frontal  cone.  Superimposed  upon  the  frontal 
transition  of  temperature  and  salinity  along 
the  steady  southwest  movement  of  the  camp 
are  the  signatures  of  the  anomalous  intrusion 
of  warmer,  more  saline  water  (Figure  2),  pre¬ 
viously  described  in  the  mesoscale  helicopter 
oceanographic  survey.  Data  from  two  Aan¬ 
deraa  current  meters  (25-m  lead,  480-m 
cam p)  were  discarded  because  of  flooding 
and  circuitry  problems. 

Hydroacoustic  observations.  Studies  of  un¬ 
derwater  sound  propagation  were  conducted 
by  using  sensitive  hydrophones  and  a  single 


•  grupiituic.  Itvdroplioiic*  wen-  plat cd  at  1  Uni 
atu!  3  kin  awa\  iroin  the  camp  and  at  depth' 
cl  4i  rn  and  f*0  in.  irspeemeh  Tlit  geo- 
fdinitt  u a*,  plated  on  the  seriate  of  tlit-  ice  at 
a  distance  of  1.5  km  awas  fmm  the  camp 
Iiata  were  coiiiinmiusls  tec  circled  cm  HeCvlett- 
Patkard  FN1  retell  ders 

Single  earthquakes,  as  well  as  earthquake 
swarms,  were  recorded  fiequentlt.  ssith  erne 
earthquake  recorded  evert  dav  on  the  aver¬ 
age.  Although  epicenters  of  the  earthquakes 
could  not  be  fixed  liecause  of  the  single  re¬ 
cording  site,  most  of  them  apparentls  origi¬ 
nated  from  the  Arctic  Mid-Ocean  Ridge. 

Geoph\stcal  observation*  A  marine  gt-ophvs- 
ical  program  provided  background  da^on 
position,  depth,  magnetic  declination.  Hoe  az- 
imuth.  and  gravity.  A  geophysical  data  report 
summaries  these  results  |Wunkms  et  al, 

1981].  Figure  3  shows  the  depth  and  gravity- 
field  along  the  drift  track  of  From  3. 

Bedford  Institute  of  Oceanography 

Chemical  oceanography.  The  Bedford  Insti¬ 
tute  of  Oceanography’s  primary  program  for 
chemical  oceanography  included  measure¬ 
ments  of  oxygen,  salinity,  alkalinity,  nutrients 
(nitrate,  phosphate,  silicate),  trace  metals 
(Mn.  Fe.  Ni,  Cu.  Zn.  Cd).  and  radionuclides 
(Cs-137,  Sr-90).  The  goal  in  measuring  the 
first  group  of  components,  oxygen,  salinity, 
alkalinity,  and  nutrients,  was  to  characterize 
the  water  in  the  Eurasian  Basin  and  above 
the  Ytrmak  Plateau  and  to  study  chemical 
processes,  e.g.,  nutrient  regeneration,  that  oc¬ 
cur  in  the  Arctic  Ocean.  More  than  100  sam¬ 
ples  were  collected  at  fairly  closely  spaced 
depth  intervals  from  3800  m  to  the  surface, 
as  the  ice  camp  drifted  toward  .tnd  over  the 
Yermak  Plateau.  For  radionuclides  and  trace 
metals  the  goal  was  to  characterize  the  water 
column  and  to  see  if  there  were  any  near-sur¬ 
face  higher  concentrations  associated  with 
Bering  Sea  water,  as  has  been  observed  near 
the  North  Pole  on  the  1979  LOREX  expedi¬ 
tion  [Weber,  1979].  Because  sample  collection 
was  more  difficult,  especially  for  the  radionu¬ 
clides  that  required  100  1  of  water,  fewer 
samples  were  collected.  About  20  samples  for 
trace  metals  and  15  for  radionuclides  were 
collected  between  depths  of  2500  m  and  the 
surface. 

A  secondary  program  was  to  collect  ice 
samples  for  analysis  of  alkalinity  and  some 
major  ions  (Ca,  Mg.  Cl,  and  SO<).  The  goal 
of  this  program  was  to  analyze  the  ice  to  de¬ 
tect  chemical  differentiation  of  ions,  which 
occurs  during  freezing,  and  hence  possibly  to 
be  able  to  predict  ice  meltwater  content  in 
near-surface  seawater  from  an  analysis  of  ma¬ 
jor  ion  content.  Altogether,  about  15  differ¬ 
ent  ice  samples  were  collected  from  leads, 
pressure  ridges,  and  one  ice  core. 

Analyses  of  the  samples  are  presently  un¬ 
derway,  and  most  should  be  complete  within 
about  3  months.  Detailed  interpretation  of 
the  results  will  take  longer  and  will  be  done 
in  conjunction  with  the  physical  oceano¬ 
graphic  measurements. 

Seismic*  and  heat  flow.  The  Atlantic  Geosci¬ 
ence  Centre  of  Bedford  Institute  of  Oceanog¬ 
raphy  ran  a  geophysical  and  geologic  sam¬ 
pling  program  on  From  3  that  consisted  of 
seismic  refraction,  seismic  reflection,  heat 
flow,  and  coring. 

The  seismic  refraction  program  involved 


the  use  of  a  tethered  ocean  bottom  seismome¬ 
ter.  The  sound  source  was  from  20-  to  100- 
kg  TNT  charges  carried  away  from  the  re¬ 
ceiver  by  helicopter  and  detonated  in  areas 
where  thin  ice  made  access  to  the  water  possi¬ 
ble.  A  150-km  line  along  anomaly  7  (26  m.y.) 
in  the  Nansen  Basin  was  completed  in  an 
area  where  oceanic  crust  formed  by  slow- 
spreading  could  be  investigated.  Three  lines 
were  run  on  the  Yermak  Plateau.  Line  2  was 
run  in  water  depths  of  about  2000  m  on  the 
slope  of  the  Yermak  Plateau.  Line  3  was  par¬ 
allel  to  line  2  but  on  the  top  of  the  plateau, 
and  line  4,  also  on  the  plateau,  was  run  per¬ 
pendicular  to  line  3. 

The  reflection  profiling  system  was  in  op¬ 
eration  at  From  3  from  April  1 1  to  May  5, 
1981.  The  ocean  bottom  seismometer  (OBS) 
was  deployed  al  camp,  but  the  refraction  pro¬ 
files  generally  ran  parallel  to  structure  and 
were  shot  away  from  the  seismic  reflection 
line  at  large  angles.  The  reflection  records 
provided  information  on  the  thickness  of  sed¬ 
iment  below  the  OBS  and  a  cross  section 
across  a  portion  of  the  Nansen  Basin  and  the 
Yermak  Plateau.  The  9000-J  Edgenon  spark- 
er  provided  a  clear  record  of  sedimentary 
layers  with  varying  dips  on  the  plateau,  but 
only  a  minimum  thickness  of  sediment  in  the 
basin  because  oceanic  basement  is  not  obvi¬ 
ously  recorded. 

Along  the  reflection  profile,  10  heat  flow- 
measurements  were  recorded  with  a  2.5-m 
Applied  Microsystems  probe,  and  10  accom¬ 
panying  short  gravity  cores  of  about  30  cm 
were  taken.  The  heat  flow  measurement  and 
cores  were  done  at  water  depths  from  3675 
to  795  m,  accomplishing  a  line  from  the  edge 
of  the  Nansen  Basin  to  the  top  of  the  Yermak 
Plateau. 

Refraction  lines  in  the  vicinity  of  the  Yer¬ 
mak  Plateau  indicate  that  its  northern  tip  is 
predominantly  of  oceanic  origin,  whereas  the 
broader,  more  southern  segment  is  of  conti¬ 
nental  origin. 


Bigelow  Laboratory 

Chemical  and  biochemical  oceanography.  Dur¬ 
ing  the  first  half  of  the  From  3  experiment, 
observations  of  the  chemical  and  biochemical 
properties  of  the  water  column  were  made. 
These  included  on-site  analyses  for  dissolved 
oxygen,  ammonia,  dissolved  silicon,  nitrate, 
nitrite,  and  reactive  phosphorus  from  sam¬ 
ples  collected  directly  beneath  the  ice  cover  to 
a  depth  of  4000  m.  On-site  determinations  of 
the  activity  of  the  respiratory  electron  trans¬ 
port  system  (ETS)  were  also  made  on  eight 
samples  taken  from  depths  as  great  as  2000 
m.  Preserved  samples  were  returned  to  the 
Bigelow  Laboratory  for  examinations  with  a 
scanning  electron  microscope  and  for  deter¬ 
mination  of  their  nutrient,  chlorophyll, 
phaeophytin,  particulate  nitrogen,  and  partic¬ 
ulate  carbon  contents. 

With  the  exception  of  the  scanning  electron 
microscope  examinations,  all  of  the  labora¬ 
tory  work  has  been  completed.  Initial  analysis 
indicates  that  metabolic  rates  in  the  Fram  3 
water  column  are  extremely  low.  Nitrile  and 
ammonia  concentrations  were  zero  or  very 
close  to  zero  throughout  the  water  column, 
and  ETS  activities  were  low  in  the  upper  125 
m  and  undetectable  below  that  depth.  This 
was  the  first  time  that  ETS  activity  could  not 
be  delected  in  the  deep-sea  samples.  While 
these  results  were  not  surprising,  they  will 
prove  useful  (when  combined  with  data  from 
other  regions)  in  clarifying  the  relative  im¬ 
portance  of  the  processes  that  feed  the  'deep 
metabolism’  and  in  constructing  an  inorganic 
nitrogen  budget  for  the  Arctic  Ocean.  Al¬ 
though  some  weak  maxima  and  minima  were 
observed  in  the  vertical  dissolved  silicon,  reac¬ 
tive  phosphorus,  and  nitrate  distributions, 
there  was  no  evidence  for  the  presence  of 
substantial  amounts  of  the  high  nutrient  wa¬ 
ters  that  enter  the  Arctic  via  the  Bering 
Strait.  In  addition,  these  data  do  not  suggest 
a  large  contribution  to  the  subsurface  layers 


from  waters  formed  over  the  continental 
shelf  (luring  the  ice  formation  season. 

Tritium  Laboratory,  Rosenstiel  School  of 
Mamie  and  Atmospheric  Science 

Chrmual  Oceanography.  Detailed  profiles  of 
water  samples  were  collected  at  three  points 
along  the  drift  track  for  later  analysis  of  their 
tritium  and  ’He  content.  Results  from  the 
earliest  samples  show  highly  tritiated  water 
above  the  halocline,  indicating  that,  at  this 
early  stage  in  the  drift.  From  3  was  situated  in 
a  region  of  outflow  from  the  Arctic  Basin. 
The  tritium-salinity  relationship  of  these  sam¬ 
ples  seems  to  uphold  the  view  that,  below  the 
upper  mixed  layer,  Nansen  Basin  water  is 
composed  of  binary  mixtures  of  Atlantic 
source  water  and  predominantly  meteoric 
freshwater  [ Osllund ,  1982],  The  derived  triti¬ 
um  values  of  the  freshwater  source  imply  an 
approximate  10-year  residence  time  for  the 
freshwater  component  in  the  East  Arctic  Ba¬ 
sin.  Front  3  tritium-’He  ages,  which  provide 
an  essentially  independent  estimate  of  resi¬ 
dence  time,  corroborate  this  result. 

A  profile  of  large-volume  water  samples 
was  obtained  by  using  a  100-1  General  Ocean- 
ics  Go-Flo  Sampler.  Carbon  dioxide  gas  was 
extracted  from  these  samples  at  camp  for  lat¬ 
er  radiocarbon  analysis.  Samples  down  to 
1250  m  show  a  definite  presence  of  bomb- 
produced  ,4C;  deeper  layers  show  what  is 
most  likely  some  bomb  contribution.  There  is 
measurable  tritium  all  the  way  down  to  3500 
m.  indicating  that  there  have  been  contribu¬ 
tions  at  these  depths  of  water  that  have  been 
at  the  surface  within  the  last  20  years. 


Polar  Science  Center — University  of 
Washington 

Current  velocity-CTD  profiling,  rtceiirwgrcphic 
bun ys,  meteorology.  The  v  ientific  gioup  fiom 
the  Polar  Science  Cenier  carried  out  three 
main  experiments  at  From  3.  First,  a  new  Arc¬ 
tic  Profiling  System  (APS)  was  used  during 
the  experiment  to  examine  the  response  of 
the  upper  ocean  to  storms.  An  additional 
goal  was  to  use  this  device  to  study  the  verti¬ 
cal  and  horizontal  circulation  patterns  within 
leads.  The  new  APS  was  built  by  the  Applied 
Physics  Laboratory  of  the  University  of  Wash¬ 
ington  and  is  a  more  compact  version  of  an 
earlier  instrument  described  in  Morison 
[1980].  The  device  is  a  wire-lowered  instru¬ 
ment  that  measures  continuous  profiles  of 
conductivity,  temperature,  and  velocity.  Dur¬ 
ing  the  experiment,  there  were  three  storms 
for  which  good  records  were  obtained.  Dur¬ 
ing  these  storms,  casts  were  made  to  300  m 
every  half  hour.  One  such  sequence  of  pro¬ 
files  measures  the  development  of  a  35-m- 
thick  mixed  layer  from  an  initially  stratified 
condition  and  should  provide  an  especially 
good  basis  for  comparison  with  mixed  layer 
theories.  Conditions  at  From  3  were  highly 
variable,  and  dramatic  changes  in  the  water 
structure,  especially  temperature,  were  quite 
common.  The  variations  are  related  to  the  lo¬ 
cation  of  From  3  near  the  ice  edge,  and  the 
data  will  be  compared  to  those  obtained  dur¬ 
ing  a  previous  cruise  (NORSEX  79)  in  the 
same  region  made  during  the  fall  of  1979. 
Unfortunately,  no  leads  opened  near  camp, 
and  the  goal  of  studying  lead  circulation  was 
not  achieved. 


The  second  exjvcriment  involved  the  de 
ploynicnt  and  testing  of  two  new  oceano¬ 
graphic  buoys  built  by  the  Polar  Research 
Laboratory.  The  buoys  ate  being  developed 
to  provide  a  means  of  gathering  long-term 
hydrographic  data  in  the  upper  Arctic  Ocean 
One  buoy  is  a  thermistor  buoy  (T-buoy)  and 
the  other  is  a  temperature-conductivity  buoy 
(T-C  buoy). 

The  T-buoy  incorporates  an  electronics/ 
ARGOS  transmitter  package  in  an  aluminum 
tube  and  a  Kevlar  cable  with  thermistors  im¬ 
bedded  in  it  every  20  m,  hanging  to  a  depth 
of  200  m.  The  buoy  transmits  temperature 
from  all  the  sensors  through  the  ARGOS  sat¬ 
ellite  system  four  times  per  day. 

The  buoy  was  installed  at  From  3  and  left 
there  after  evacuation.  The  primary  objec¬ 
tives  were  to  perform  intercalibrations  with 
the  APS  and  T-C  buoy,  provide  a  picture  of 
the  thermal  structure  in  the  East  Greenland 
Drift,  and  test  the  survivability  of  the  design. 
Data  gathered  simultaneously  with  the  APS 
and  the  T-buoy  generally  agree. 

After  the  end  of  the  experiment,  the  T- 
buoy  drifted  south  along  the  coast  of  Green¬ 
land  and  through  Denmark  Strait.  Figure  4 
shows  the  drift  track  of  the  buoy.  It  is  note¬ 
worthy  that  the  T-buoy  remained  in  a  fixed 
relation  with  the  three  other  buoys  left  at 
From  3  (two  from  the  Polar  Research  Labora¬ 
tory  and  one  from  the  Norsk  Polarinstituil) 
until  just  north  of  Denmark  Strait,  indicating 
the  From  3  ice  floe  maintained  its  integrity 
for  a  remarkably  long  time.  The  T-buoy 
ceased  functioning  on  August  22,  near  the  ice 
edge  at  67“35'N  25“4TW. 

The  temperature  profiles  in  Figure  4  show 
characteristic  thermal  regimes  in  the  drift. 
The  first  shows  a  deep  thermocline,  indicat¬ 
ing  the  buoy  was  on  the  cold  side  of  the  polar 
front.  The  second  and  third  regimes  show  a 
shallow  thermocline,  indicating  the  buoy  was 
on  the  warm  side  of  the  front,  in  spite  of  be¬ 
ing  50—100  km  from  the  ice  edge.  In  the 
fourth  regime  the  thermocline  is  again  quite 
deep,  but  surface  heating  appears  to  be  im¬ 
portant.  Fluctuations  in  the  temperature  rec¬ 
ords  on  the  time  scale  of  a  couple  of  days 
suggest  the  presence  of  meanders  or  eddies 
near  the  front.  The  continued  survival  of  the 
instrument,  even  in  the  rigorous  ice  edge  re¬ 
gion,  bodes  well  for  the  survivability  of  such 
buoys  in  the  pack  ice. 

The  T-C  buoy  was  developed  as  a  step  to¬ 
ward  remotely  measuring  both  temperature 
and  conductivity  for  the  study  of  the  mixed 
layer  in  the  Arctic.  It  incorporated  three  tem¬ 
perature  and  conductivity  sensor  pairs  at  15 
m.  30jjr  and  50  m,  suspended  below  a  sur¬ 
face  electronics  package.  In  this  buov.  tem¬ 
perature  and  conductivity  are  averaged  over 
3-hour  periods.  The  average  values  are  then 
transmitted  during  a  once  daily,  5-hour  trans¬ 
mission  window. 

The  buoy  was  operated  at  From  3  for  the 
purposes  of  testing  and  intercalibration  with 
other  systems,  only  while  personnel  were  at 
the  camp.  The  results  indicate  it  worked  well. 
Instantaneous  conductivity  values  from  APS 
and  the  T-C  buoy  generally  agree  within 
±0.001  s/m.  and  the  temperature  values 
agree  within  less  than  ±0.02°  C.  It  has  been 
found  that  the  deepening  of  the  mixed  layer 
examined  with  the  APS  could  also  be  ob¬ 
served  with  the  T-C  buov.  This  illustrates  the 
usefulness  of  the  T-C  buoy,  even  in  studies  of 
relatively  short-term  processes. 
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Fig.  3  (a)  Configuration  of  the  strain  rose ncs  in  relation  to  the  instrument  hut  at  From  3;  ( b )  Portion  of  lime  series  data  obtained  from 
one  of  the  strain  meter  rosettes  at  From  3;  (c)  Expanded  section  of  6. 


Finally,  a  suite  of  atmospheric  measure¬ 
ments  were  made.  They  included  continuous 
recordings  of  temperature,  atmospheric  pres¬ 
sure,  wind  direction  at  2  m.  and  wind  speeds 
at  2  m  and  10  m.  The  data  will  be  correlated 
with  changes  observed  with  the  oceanograph¬ 
ic  measurements.  They  will  also  be  used  in 
conjunction  with  geostrophic  wind  estimated 
from  buoys,  to  determine  geostrophic  drag 
laws  appropriate  for  the  region. 

In  addition  to  their  other  projects,  a  therm¬ 
istor  chain  was  installed  for  the  study  of  in¬ 
terna)  waves.  Preliminary  results  suggest  the 
presence  of  an  active  internal  wave  field. 

Scott  Polar  Research  Institute 

Ice  strain  and  wave  propagation.  The  pur¬ 
pose  of  this  experiment  was  to  measure  the 
directional  energy  spectrum  and  velocity  of 
propagation  of  flexural  gravity  waves  in  the 
ice  cover  of  the  Arctic  Ocean,  using  three  ro¬ 
settes  of  three  strain  meters,  each  in  a  trian¬ 
gular  array,  and  the  attenuation  rate  of  the 
waves  by  simultaneous  recording  from  three- 
strain  meter  rosettes,  two  being  retained  at 
the  main  camp  and  the  third  being  taken  to  a 
helicopter-established  camp  some  tens  of 
kilometers  away. 

For  the  first  experiment  an  existing  hut  at 
the  main  camp  was  used  as  an  instrument 
hut,  and  three  rosettes  of  strain  meters  were 
set  up  as  shown  in  Figure  5.  Each  rosette  con¬ 
sisted  of  three  wire  strain  meters  of  high  sen¬ 
sitivity  (better  than  10"*  strain)  and  rugged 
design  evolved  at  SPR1  for  this  purpose 


[ Moore  and  Wadhams,  1980J.  The  strain-sens¬ 
ing  element  was  a  1-m  long  Invar  wire.  Each 
instrument  was  frozen  into  the  ice  and  pro¬ 
tected  by  a  wooden  box,  which  was  placed 
over  it.  Snow  was  then  shoveled  over  each 
box  to  reduce  thermal  drift. 

Data  were  recorded  on  digital  and  FM  ana¬ 
log  tapes  at  limes  when  radio  interference 
was  least,  i.e.,  at  night  or  when  there  was  no 
flying  between  Nord  and  From  3.  Recording 
went  on  for  4  weeks  during  April-May  1981, 
•and  about  1 50  hours  of  data  were  recorded. 

Ice  thickness  was  measured  at  the  strain 
meter  sites.  Other  data  needed  for  interpreta¬ 
tion  of  the  results  and  recorded  by  other  in¬ 
vestigators  on  Fram  3  were  wind  speed  and 
direction  (continuously),  floe  rotation  (daily, 
usually  only  about  1*  per  day),  and  internal 
wave  activity  (by  J.  Morison  using  thermistor 
chain). 

During  the  second  project,  three  attenua¬ 
tion  experiments  were  carried  out  by  deploy¬ 
ing  a  fourth  strain  meter  rosette  away  from 
the  main  camp.  Positions  of  these  remote 
sites  relative  to  the  main  camp  were  93  km 
north,  46  km  south,  and  139  km  north.  Each 
remote  rosette  was  set  up  with  its  axes 
aligned  as  closely  as  possible  with  those  at  the 
main  camp.  At  each  remote  site,  at  least  I 
hour  of  data  was  recorded  concurrently  with 
recording  at  the  main  site. 

Part  b  of  Figure  5  shows  a  typical  length  of 
record  from  three  strain  meters  in  a  single 
rosette.  It  is  immediately  apparent  that  there 
are  two  distinct  components  of  oscillation 
present.  The  short-period  oscillations  have  a 


typical  amplitude  of  )0~7  strain  and  period 
of  30  s.  An  expansion  of  the  time  scale  (Fig¬ 
ure  5c)  shows  that  oscillations  from  the  three 
strain  meters  are  in  phase.  This  suggests  that 
they  are  flexural  gravity  waves,  as  recorded 
on  previous  occasions  in  the  Arctic  Ocean 
[Hunkins,  1962;  LcSchach  and  Haubnch,  1964). 
The  ice  thickness  at  the  site  was  3.2  m,  from 
which  we  cart  infer  that  the  wave  amplitude 
was  about  3  mm.  Long  waves  of  this  kind  can 
be  explained  as  being  the  envelopes  of  wave 
packets  found  in  the  open  sea  [Larsen,  1978a, 
6).  The  Arctic  Ocean  ice  cover,  however,  acts 
as  a  filter,  which  removes  all  shorter-period 
components  by  scattering  or  creep  mecha¬ 
nisms.  Full  analysis  of  the  results  will  reveal 
whether  this  is  really  the  case,  since  it  will 
give  the  directional  spectrum  of  the  waves  (to 
show  Vhether  they  are  coming  from  the 
nearest  open  ocean  in  Fram  Strait),  any  cor¬ 
relation  with  local  wind  (in  case  direct  gener¬ 
ation  through  the  ice  is  occurring),  and  the 
attenuation  rate. 

The  long-period  oscillations  apparent  in 
Figure  5 b  were  unexpected  They  are  of 
greater  amplitude  than  the  short-period  oscil¬ 
lations — typically  5  *  10~7  strain — and  have 
periods  of  about  10  min.  This  is  far  too  long 
for  any  flexural  gravity  wave,  especially  since 
it  implies  a  very  large  vertical  amplitude  of 
ice  oscillation.  Furthermore,  on  the  expanded 
scale  (Figure  5c),  and  on  Figure  56,  it  can  be 
seen  that  two  strain  meters  are  in  phase  while 
the  third  is  in  antiphase.  This  is  the  result 
that  we  would  expect  from  a  wave  of  com¬ 
pression  passing  through  the  ice,  i.e.,  a  longi- 


ludinal  wave.  Our  interpretation  is  that  (1) 
the  icc  is  responding  to  the  presence  of  inter¬ 
nal  wares,  concurrently  measured  by  J  Mori- 
son  and  found  to  have  a  typical  period  of  10 
min  or  (2)  the  ice  is  responding  to  the  very 
small  variations  in  sea  surface  elevation  asso¬ 
ciated  with  the  internal  waves. 

On  April  10  the  long-period  strain  field  in¬ 
creased  greatly  in  amplitude  some  24  hours 
after  the  onset  of  a  12  m/s  wind.  If  it  is  true 
that  ice  acceleration  generates  internal  waves 
through  interaction  with  pressure  ridge  keels, 
then  we  would  expect  increased  long-period 
ice  strain  to  follow  a  storm.  Further  analysis 
of  the  joint  data  sets  will  determine  whether 
this  hypothesis  is  valid. 
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1  MIZEX:  International  Marginal  Ice  Zone  Experiment 
Investigates  Interaction  of  Arctic  Sea  Ice,  Ocean  and  Climate 


,  In  summe’  centra:  Arctic  Ocean  is  covered 
wiin  a  mosaic  o‘  ice  hoes  about  3  m  in  thickness  ■ 
i  ana  rangtnc  uo  tc  severa'  km  in  width.  In  winter, 

;  sea  ice  evtenos  !a*  beyond  the  limits  of  this  peren- 
;  ruai  cacK  covering  the  entire  Arctic  Ocean,  in¬ 
cluding  tne  shelf  seas,  and  reacnmg  into  the 
Bering  Sea  and  Canadian  Archipelago  The  ice 
of  this  seasonal  winter  extension  attains  one  to 
two  meters  in  thicKness  (see  Figure).  Ice  extent 
varies  also  on  scales  other  than  seasonal,  with 
fluctuations  varying  in  length  from  hours  and  days 
to  the  ice-age  variations  extending  over  milienia. 

When  observed  from  above,  the  open  oceanlS’ 
dark  in  color,  while  sea  ice,  when  covered  with 
snow,  is  white.  The  albedo  (fraction  of  light  re¬ 
flected)  is  about  0.1  for  the  open  sea  and  about 
0.8  for  snow-covered  sea  ice.  This  large  contrast 
in  albedos  leads  to  strong  contrast  in  radiation 
budgets  between  ice  and  open  water,  which 
relates  directly  to  the  heat  budget  over  the  ocean. 

The  fundamental  question  is  how  sea  ice  relates 
to  weather  and  climate.  There  is  clearly  a  close 
relationship,  but  it  is  not  clear  to  what  degree  sea 
ice  is  a  passive  result  of  other  climatic  influences 
and  to  what  degree  it  is  an  active  element  which 
is  capable  of  itself  interacting  with  ocean  and 
atmosphere  to  produce  effects  which  are  not  pres¬ 
ently  predictable.  A  number  of  ways  in  which  ice, 
air  and  water  interact  have  been  identified,  but 
their  relative  importance  is  not  known. 

The  actual  dividing  line  between  sea  ice  and 
open  ocean,  the  ice  edge,  should  be  the  most 
sensitive  area  to  influences  that  control  ice  extent, 
md  it  is  the  region  which  has  been  chosen  for 
study.  The  location  of  the  edge  of  the  ice  pack 
depends  upon  the  action  of  winds  and  currents, 
as  well  as  on  the  heat  budget.  These  factors  are 
not  straightforward  since  there  is  an  interaction  of 
air,  sea  and  ice  with  each  other  in  various  feed¬ 
back  loops.  For  example,  when  the  ocean  freezes, 
albedo  increases  sharply,  and  short-wave  radia¬ 
tion,  which  has  been  warming  the  water,  is  re¬ 
flected,  thus  intensifying  the  cooling  effect  in  a 
positive  feedback.  Another  positive  feedback 
occurs  when  ice  melts,  stratifying  the  ocean  with 
a  surface  layer  of  low  salinity.  The  stratification 
inhibits  vertical  mixing  and  heat  toss,  thus  slowing 
the  rate  of  melting. 

An  understanding  of  these  and  other  physical 
processes  needs  to  be  based  on  actual  observa¬ 
tions  ot  ice  edge  changes.  Such  observations  are 
essential  tor  the  design  of  models  designed  to 
reproduce  these  processes,  making  it  possible  to 
predict  changes  in  ice  edge  location.  The  Lamont 
Arctic  Group  under  Ken  Hunkins  took  part  last 
year  in  a  pitot  project.  MIZEX  83  (Marginal  Ice 
Zone  Experiment),  tor  a  large-scale  field  experi¬ 
ment  now  underway  on  the  ice  margin  between 
Greenland  and  Spitsbergen  (see  Figure). 

Seven  ships  and  an  equal  number  of  aircraft 
are  involved  in  the  international  MIZEX  project.  In 
addition  to  the  U.S.  effort  (sponsored  by  ONR), 
there  is  participation  by  the  Federal  Republic  of 
Germany,  Norway,  Canada,  France,  Great  Britain 
and  Denmark,  with  each  nation  contributing  to 
the  scientific  effort,  as  well  as  to  ship  and  aircraft 
support  in  some  cases.  The  ice  margin  in  Fram 
Strait  between  Greenland  and  Svalbard  may  be 
characterized  as  "advective,"  dominated  by  ocean 
currents  and  wind,  rather  than  by  heat  budget.  In 
this  region,  sea  ice  from  the  Arctic  Ocean  is 
carried  tar  south  into  the  Atlantic  by  the  cold, 
tow- salinity  East  Greenland  Current  on  the  west 
side  of  die  Strait.  On  the  east  side,  the  warm 
high-salinity  West  Spitsbergen  Current  keeps  the 


The  maximum  and  minimum  extent  ot  sea  ice  in 
the  Northern  Hemisphere. 


coast  nearly  ice  free  throughout  the  year.  The 
ocean  in  the  Greenland  Sea  marginal  ice  zone  is 
dominated  by  permanent  and  transient  frontal  sys¬ 
tems,  by  eddies  and  by  upwelling  along  the  ice 
edge.  Vertical  fine  structure  (1 0  m)  and  mesoscale 
(100  m)  structures  formed  by  interleaving  of 
Polar  and  Atlantic  Water  intrusions  are  also  fre¬ 
quently  observed. 

These  features  are  unique  to  the  ocean  in  mar¬ 
ginal  ice  zones  and  must  interact  with  the  ice  and 
I  atmosphere.  During  summer  for  example,  the 
iront  along  the  ice  edge  is  intensified  by  meltwa¬ 
ter  input.  Another  interaction  occurs  when  ocean 
eddies  carry  ice  across  the  marginal  ice  zone  into 
warmer  water  where  it  melts.  In  still  another  inter¬ 
action,  the  strong  stratification  resulting  from 
summer  meltwater  reduces  vertical  mixing  mo¬ 
mentum  and  reduces  the  drag  coefficient  between 
ice  and  water  so  that  floes  drift  faster  given  the 
same  wind  stress  to  drive  them.  We  need  to  know 
the  relative  importance  of  these  and  other  inter¬ 
actions  in  controlling  the  location  of  the  ice  edge. 

The  MIZEX  program  includes  a  drifting  phase 
with  an  array  of  instruments  deployed  on  the  ice 
to  monitor  the  ice  motion,  meterology  and  upper 
ocean  conditions.  This  instrument  array  is  set  and 
maintained  by  icebreaking  ships  which  also  spend 
part  of  their  time  drifting  with  the  ice.  Helicopters 
fram  these  ships  are  used  for  carrying  out  ocean¬ 
ographic  surveys  over  the  ice-covered  part  of  the 
marginal  ice  zone.  A  portable  CSTD  profiler, 
developed  by  Ocean  Data  Systems,  has  been 
modified  and  improved  by  the  Lamont  group  lor 
these  helicopter  surveys.  At  landing  sites,  a  small 
hole  is  made  through  the  ice,  or  a  natural  open¬ 
ing  is  used,  and  the  sensor  probe  is  lowered  to 
500  m,  using  a  special  winch  mounted  in  the 
helicopter.  The  objective  is  to  make  an  oceano¬ 
graphic  survey  and  to  map  features  beneath  the 
ice  cover.  During  MIZEX  83,  profiles  were  made 
1  at  120  sites  by  Lamont  oceanographers  Tom 
Manley  and  Jay  Ardai,  using  two  helicopters 
based  primarily  on  the  Norwegian  M/V  POLAR- 
BJORN,  with  some  flying  also  from  the  Norwegian 
R/V  LANCE  and  FRG  icebreaker,  POLARSTERN. 
These  helicopter  surveys  are  closely  coordinated 
with  CTD  surveys  by  oceanographers  fram  the 
University  of  Bergen  carrying  out  surveys  in  open 
water.  The  helicopter  and  ship  results  are  combined 
to  give  synoptic  views  of  oceanographic  structure 


across  the  entire  marginal  ice  zone,  both  open  and  1 
i  covered  During  MIZEX  83.  a  mesoscale  ocean  j 
:  eody  about  50  km  was  tracked  as  it  drifted  south-  . 
|  ward  beneath  tne  ice  at  a  rate  ot  7  km  per  oay 
i  over  a  5-oay  period  Such  eddies  can  provide  an 
efficienl  exchange  o I  temperature  and  salt  across  ! 
the  ice  margin,  which  can  affect  its  location. 

An  array  of  moored  oceanographic  instruments 
forms  the  other  pan  ol  Lamonfs  MIZEX  program. 
Four  subsurface  moorings  equipped  with  current, 
temperature  and  conductivity  recorders  were 
deployed  in  2.400  m  water  depths  near  the  center 
ot  Fram  Strait  to  monitor  mesoscale  oceano¬ 
graphic  features  over  a  time  period  ot  six  weeks. 
During  MIZEX  83,  mean  currents  near  the  center 
ot  the  Strait  in  open  water  near  the  ice  edge  were 
southward,  suggesting  the  presence  ot  a  large, 
deep  gyre  which  recirculates  the  entire  water 
column  in  this  area.  In  addition,  a  shallow  surface 
cold  eddy  was  observed  to  drift  across  the  array. 
This  eddy,  which  was  only  about  100  m  deep, 
was  evidently  shed  from  the  ice  edge  and  pro¬ 
vides  another  example  of  eddies  mixing  temper¬ 
ature  and  salinity  across  the  ice  margin.  Surveys 
and  statistics  covering  a  number  ol  these  eddies  are 
still  needed  to  assess  their  quantitative  importance. 

For  MIZEX  84.  Lamont  will  have  a  similar  pro¬ 
gram  of  helicopter-CSTD  surveys  and  oceano¬ 
graphic  moorings.  As  the  results  are  analyzed, 
simple  physical  models  are  being  developed  to 
interpret  the  observed  features.  A  conceptual 
model  of  ice  export  through  Fram  Strait  has  been 
developed,  which  emphasizes  the  importance  of 
the  West  Spitsbergen  Current  in  melting  ice  on  the 
east  side.  Ice  is  driven  southward  by  wind  across 
the  entire  Strait.  On  the  Greenland  side,  the  water 
is  cold,  no  melting  occurs  and  ice  is  carried  far 
south.  On  the  Svalbard  side,  ice  melts  as  it 
encounters  the  warm  waters  flowing  north.  The 
implications  of  this  model  are  being  explored  with 
budget  studies  based  on  MIZEX  results. 

Finally,  studies  have  begun  on  numerical  mod¬ 
els  of  the  ice  edge  using  a  simplified  ice-air- 
ocean  system.  The  plan  is  to  test  some  ot  the 
feedback  mechanisms  between  ice,  air  and  water 
which  were  mentioned  earlier.  When  these  mech¬ 
anisms  are  effectively  modeled  and  understood, 
their  effects  will  be  incorporated  in  a  global  at¬ 
mospheric-ocean  circulation  model  (GCM).  So 
far  GCMs,  which  are  used  tor  climatic  modeling 
and  prediction,  incorporate  sea  ice  only  in  a 
rudimentary  way.  It  should  be  possible,  as  a  result 
ot  the  field  and  numerical  experiments  described, 
to  better  understand  the  physical  processes  along 
the  ice  edge,  so  that  the  most  important  ones  can 
be  introduced  into  a  GCM  for  improved  climatic 
forecasting,  which  includes  the  important  factor 
of  sea. ice  in  a  more  realistic  way. 

Southern  Ocean 

(continued  from  opposite  page) 

melting  or  growth  and  other  parameters  at  the  ice 
shelf  base.  At  regular  intervals,  data  would  be 
telemetered  via  Argos  satellite  to  institutions 
in  the  U.S. 

The  polar  regions  offer  a  challenge  of  a  scien¬ 
tific  and  personal  nature.  As  the  significance  of 
the  ice  to  large  scale  climate  patterns  and  vari¬ 
ability  becomes  more  apparent,  there  will  be  more 
ambitous  attempts  to  gather  the  data  necessary 
to  assess  this  influence,  resolve  the  relevant 
processes  and  develop  effective  polar  inputs  to 
climate  models.  Lamont  oceanographers  are  par¬ 
ticularly  active  in  this  quest. 
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